The Monte Carlo method was used to investigate the effect of graft length and architecture on the efficiency of compatibilization in A/B/graft copolymer ternary blends. In this study, homopolymer B is always dispersed phase. When the graft length of the copolymer is relatively short, A 20 B n copolymers (A block is the backbone, and B block is the graft) tend to form micelles in the matrix phase, whereas the B 20 A n (B block is the backbone, and A block is the graft) copolymers tend to form micelles in the dispersed phase. We also find that the micelles in the dispersed phase (formed by B 20 A n copolymers) can effectively suppress the coalescence of the dispersed phases, whereas the micelles in matrix phase (formed by A 20 B n copolymers) have no effect on suppressing the coalescence. As a result, when the graft length is relatively short, B 20 A n copolymers can lead to smaller dispersed phases than A 20 B n copolymers. Moreover, when the graft is relatively long, A 20 B n copolymers were found to connect the dispersed phases and form netlike structure, whereas B 20 A n copolymers were found to locate at the phase interface and anchor the dispersed phase and matrix phase. Furthermore, both A 20 B n and B 20 A n copolymers with relatively long graft lengths can well reduce the size of the dispersed phase.
Introduction
For most immiscible polymer blends, they possess high interfacial tension and weak adhesion between the dispersed phase and matrix phase. As a result, incompatible blends often exhibit poor mechanical properties. Compatibilization is therefore called upon. Graft copolymer [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] is often added or generated in situ by reaction as compatibilizer to reduce the interfacial tension, enhance the adhesion between two immiscible components and suppress the coalescence of the dispersed phase. Usually, much attention is focused on the macroscopic effects of compatibilizer on the morphology, interfacial properties and mechanical behavior of immiscible blends. For instance, the effect of molecular weight, interfacial tensions, the processing conditions and chemical nature of the compositions on the compatibilization have been investigated in recent years. Inoue and co-workers [11, 12] have studied the pull-out of in situ-formed graft copolymers from the interface between two phases during the melt-mixing process. Lyatskaya et al. [13] used analytical arguments and self-consistent field calculations to investigate the effect of copolymer architecture on the efficiency of compatibilization and found that diblock copolymers are the most efficient at reducing interfacial tension. Also, it has been experimentally [14] [15] [16] [17] [18] [19] [20] [21] and theoretically [22] [23] [24] [25] [26] proved that the compatibilizers are located at the polymerpolymer interface. Though much effort has been devoted to this field, the distinct microstructure of the resulting compatibilized blends is still not so clear. For instance, how much graft copolymer is dissolved into the matrix or dispersed phase; how much exists in the form of micelles; and how much locates at the polymer-polymer interface; how the graft copolymer connect two immiscible components are questions that are still unanswered.
On the other hand, Monte Carlo (MC) simulation has been proved to be a valuable method that can give a direct insight into such microstructures in polymer blends. Jiang et al . [27] used MC method to study the phase separation of polymer blends. Liang et al. [28] have employed this method to study the compatibility of the diblock and triblock copolymers in the A/B/copolymer ternary mixtures. Also, they [29] have investigated the influence of block lengths and symmetries of linear block copolymers on their compatibilizing abilities. Using Monte Caro method, He et al. [30] studied the interface structure between the reactive immiscible polymer blends. In our previous work, [31] we have studied the compatibility of A/B/functionalized A ternary polymer mixtures coupled with chemical reaction by MC method. Recently, we used this method to study the influence of graft structure of copolymer on the compatibility of immiscible polymer blends. [32] Similarly, the graft lengths and architectures of graft copolymers strongly affect their compatibilizing efficiencies. To our knowledge, the influence of graft lengths of graft copolymers on the compatibility of homopolymer A/homopolymer B/grafted copolymer ternary blends has not been studied by MC method up to now. The main goal of this work is to study the effect of graft length and architecture of graft copolymer on the microstructure of A/B/graft copolymer ternary blends and try to find out the optimal compatibilizer in the polymer blends.
Results and discussion
In the simulation, the number of homopolymer A, homopolymer B and graft copolymer chains were 2100, 1000 and 515, respectively. Both homopolymer A and homopolymer B have the same length (20 segments). In this paper, all the graft copolymers were composed of one main chain (backbone) and two side chains (grafts). Moreover, the graft sites were randomly distributed on the backbones of the main chains. Also, the length of the main chain is fixed as 20 segments. In order to investigate the effect of graft length of the graft copolymer on the compatibilization for the given system, the graft length was varied from 2 to 14 at intervals of 4 segments, namely, 2, 6, 10 and 14. Both the compatibilizing efficiencies of A 20 B n (A block is main chain and B block is side chain) and B 20 A n (B block is main chain A block is side chain.) copolymers were studied in this simulation. All these polymers are summarized in Table 1 . The patterns of dispersed phase B with adding various A 20 B n or B 20 A n copolymers as compatibilizer are shown in Fig. 3a-3h . With choosing A 20 B n copolymer as compatibilizer ( Fig. 3a-3d ), the domain size of the dispersed phase decreases markedly with increasing of graft length. Whereas, when B 20 A n copolymer is chosen as compatibilizer (Fig. 3e-3h) , it shows that the domain size of dispersed phase changes little with increasing of graft length. For better clarity, quantitative relationship between D B and the graft lengths of various graft copolymers is presented in Fig. 4 20 A n copolymer is more effective than A 20 B n copolymer to compatibilize the given blends when the graft is relatively short (the graft length is equal to or less than 12). However, A 20 B n copolymer with considerably long graft (the graft length is 14) is the most efficient compatibilizer to reduce the size of the dispersed phase. It is known that the mode of existence of compatibilizers in immiscible blends is another key factor that determines their compatibilizing effects . Fig 5a-5d show the enlarged figures for the resulting compatibilized blends with choosing various A 20 B n copolymers as compatibilizer, from which we can see the actual modes of existence of the compatibilizers. When the graft length is relatively short, it is observed that a part of each graft copolymer form micelles in the matrix phase (Fig 5a-5b) . Also, some graft copolymers are dissolved into the matrix phase. Moreover, there are only small parts of copolymers located at the A-B interface. As a result, A 20 B n copolymer with short graft is not an effective compatibilizer in the blends. In the study by Charoensirisomboon et al. [11] , it has been observed that in situ-formed polysulfoneg-polyamide 6 (polysulfone is the backbone, while polyamide 6 is the graft) graft copolymers form micelles in the matrix polysulfone phase. However, when the graft is relatively longer, the graft copolymers tend to go through the matrix phase forming a "bridge" to connect two dispersed phase domains (Fig 5c-5d) . Finally, A 20 B n copolymers can link the whole dispersed phases together and form a netlike structure. Obviously, the netlike structure in the resulting blends may well improve the mechanical properties of the A/B mixture. Fig 6 shows a different mode of existence of B 20 A n copolymers with various graft length. When the graft is relatively short, it is seen that quite a number of graft copolymers form some micelles in the dispersed phase, as Fig. 6a-6d show. However, with increasing graft length, more and more B 20 A n copolymers prefer to locate at the interface to anchor the disperse phase and matrix phase together as shown in Fig. 6c-6d . As seen in Fig. 6a-6b , the micelles formed by B 20 A n copolymers in the dispersed phases can also effectively prevent the dispersed phases from coalescing into big phases. On the other hand, A 20 B n copolymers tend to form micelles in the matrix phase, which cannot suppress the coalescence of dispersed phases, as Fig. 5a -5b shows. As a result, the dispersed phase"s size decrease remarkably with increasing the graft length of A 20 B n copolymer in the A/B/ A 20 B n blends; whereas it has few changes with increasing the graft length of B 20 A n copolymer in the A/B/ B 20 A n blends.
Conclusions
The Monte Carlo method was successfully employed to investigate the compatibilizing efficiency of graft copolymers (A 20 B n and B 20 A n copolymers) with various graft lengths. The simulation results reveal that both the size of dispersed phase and the mode of existence of the copolymer in the resulting blends are strongly affected by the architecture and graft length. When A 20 B n copolymers contain relatively short grafts, they tend to form micelles or dissolve into matrix
phase, which cannot suppress the coalescence of dispersed phases. However, A 20 B n copolymers tend to locate at the interface and connect dispersed phases to form netlike structure when the graft is relatively long, which can effectively suppress the coalescence of dispersed phases. Therefore, when choosing A 20 B n copolymer as compatibilizer, the average size of dispersed phases decreases directly with increasing the graft length. With adding B 20 A n copolymers as compatibilizer, a high percentage of graft copolymers form micelles in the dispersed phase when the graft is relatively short. On the contrary, most B 20 A n copolymers prefer to locate at the interface and anchor the two immiscible components when the graft is relatively long. Because the micelles formed by B 20 A n copolymers in the dispersed phases can suppress the dispersed phases coalescing into big phases, the B 20 A n copolymers with short grafts can also lead to small dispersed phase"s size. As a result, the average size of dispersed phases is always small with changing of the graft length.
Model and Simulation
A two-dimensional simulation was employed to provide a direct inspection of the polymer configuration and coarsening of the phase-separated structure. Cifra et al. [33, 34] have proposed that there is no essential difference in the phase behavior between a two-and a three-dimensional simulation. In this study, we adopted the four-site model proposed by Carmesin and Kremer [35] that the branching point could also be dealt with. In this model, one bead occupies the whole space of a square with four neighboring lattice sites. The bond vector connecting two successive effective beads may have length in the range min l <= l <= max l . In the four-site model, the length of a Kuhn segment can take six discrete values: 2, 5 , 8 , 3, 10 , and 13 , and the segment orientation can take 36 discrete angles.
Multiple-chain configurations were generated on a planar square 600 × 600 lattice. The system contained 3100 homopolymer chains and 515 graft copolymer chains. A standard periodic boundary condition was imposed on the lattice to mimic an infinitesize system [36] . Considering such a high polymer concentration, we adopted "vacancy diffusion" algorithm suggested by Lu et al. [37] to improve the Monte Carlo simulation efficiency. Excluded volume interactions are also enforced. Not only can two beads not occupy the same lattice, but also the intersection of chains in the course of a sequence of motions is forbidden. If the attempted move violates the excluded volume condition or the bond length restriction or the bond crossing, it will be rejected. Thermal interactions are catered by a short range intermonomer potential. The cutoff range of this potential was set at r= 8 , a choice to ensure that only the nearest-neighbor pairs of segments have the intermonomer potential. Attempted moves that satisfy both the excluded volume condition and bond length restrictions are accepted or rejected according to Metropolis rules [38] , i.e., an attempted move is accepted if the energy change 0 N N E is negative, or accepted with probability kT E p / exp
, if E is positive, where E is the change in energy that accompanies with the attempted move, N and 0 N are the numbers of the nearest-neighbor pairs of segments within the cutoff range after and before the attempted move. is the interaction energy which is won if two nearestneighbor segments within the cutoff range that are taken by monomers of different kinds. When kT / is negative (the interaction between the different monomers is attractive) and positive (the interaction between the different monomers is repulsive), the system will be in its homogeneous state and heterogeneous state, respectively.
In this study, we first set = -1. After the system reaches a completely compatible state, we set = 1 to observe the change of domain structure in the phase separation.
